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Site-directed mutagenesis can be employed to alter 
activity critical residues in proteins which are suscep- 
tible to chemical oxidation. Previous studies have im- 
plicated methionine 222 as a primary site for oxidative 
inactivation of subtilisin (Stauffer, C. E., and Etson, 
D. (1969) J. BioL Chem, 244, 5333-5338). Because of 
uncertainties in predicting which amino acid would be 
the optimal substitute for methionine 222, we prepared 
all 19 amino acid substitutions at this site in the cloned 
subtilisin gene using a cassette mutagenesis method 
(Wells, J. A., Vasser, M., and Powers, D. P. (1985) 
Gene (AmsL), in press). Mutant enzymes were ex- 
pressed in B<icillu8 subtilis and were found to vary 
widely in specific activity. Mutants containing nonox- 
idizable amino acids (i.e. Ser, Ala, and Leu) were re- 
sistant to inactivation by 1 M Ha02» whereas methio- 
nine and cysteine enzymes were rapidly inactivated. 
These studies demonstrate the feasibility of improving 
oxidative stability in proteins by site-directed muta- 
genesis. 



One of the primary sources of protein instability is their 
susceptibility to oxidation and subsequent inactivation or 
denaturation (for review, see Brot and Weissbach, 1983). This 
is especially true for proteins containing methionine, cysteine, 
or tryptophan residues in or around the active site. While 
methionine sulfoxide in proteins can be reduced in vivo (Brot 
et a/., 1981), industrial applications of enzymes and proteins 
can be hampered by oxidative inactivation. It would therefore 
be useful to investigate the functional consequences of replac- 
ing activity critical residues which are sensitive to oxidation. 
Subtilisin, a serine protease from Bacillus species, contains 
an invariant methionine residue at position 222 (Markland 
and Smith, 1971). Treatment of the enzyme with H302 leads 
to inactivation that correlates directly with the production of 
methionine sulfoxide at position 222 (Stauffer and Etson, 
1969). 

We have cloned and expressed the gene for Bacillus amy- 
loliquefaciens subtilisin (Wells et aL, 1983). Site-directed mu- 
tagenesis methods (Wallace et ai, 1931; Zoller and Smith, 
1982) permit the replacement of methionine 222 with any 
amino acid. Although the three-dimensional structure of sub- 
tilisin is known (Wright et al.y 1969; Drenth et a/., 1972), it is 
not obvious from the existing data base which nonoxidizable 
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residue would be the optimal substitute for methionine 222 to 
retain enzymatic activity. The phenylmethylsulfonyl fluoride- 
inhibited subtilisin structure of Wright et al (1969), shown 
in Fig. 1, indicates that the methionine is largely buried among 
the side chains of tyrosine 217. histidine 64, histidine 67, and 
the main chain atoms 217-218. To complicate matters, the 
diisopropyl fluorophosphate-inhibited subtilisin structure of 
Drenth et al. (1972) shows methionine 222 to be largely 
solvent-exposed. Methionine 222 is next to the catalytic site 
serine 221 and sits at the amino-terminal end of an a-helix 
in the molecule. 

Predictions based on homologous exchanges of amino acids 
in related proteins (Dayhoff et al., 1978) would suggest leucine 
or valine as the most homologous substitution for methionine. 
However, these homologous exchange data are most often 
generated from sites which have little or no apparent func- 
tional significance. Because of structural uncertainties and 
the implication that substitution of methionine 222 could 
have significant functional consequences, we elected to make 
many substitutions at codon 222 and screen for a more oxi- 
datively stable mutant. 

MATERIALS AND METHODS 

Production of all 19 amino acid substitutions at codon 222 of the 
subtilisin gene employed a cassette mutagenesis' strategy previously 
described (Wells et al., 1985). Briefly, silent restriction sites {ie. Pstl 
and Kpnl) were introduced into the B. amyioliguefaciena subtilisin 
gene (Wells et at, 1983) by site-directed mutagenesis. The Pstl and 
Kpnl sites produced were unique and were designed to flank closely 
the target codon 222. Digestion of the plasmid with Pstl and Kpnl 
produced a 25-ba8e pair gap that removed the sequence including 
codon 222. Duplex synthetic oligonucleotide cassettes were ligated 
into the gap between the restriction sites. The cassettes were designed 
to restore the coding sequence in the gap and to introduce an altered 
codon at position 222. 

Bacillus sid>tilis strain BG2036, which contains deletions in the 
structural genes for neutral protease and subtilisin (Yang etal, 1984), 
was transformed with plasmids from Escherichia coli (Anagnostopou- 
los and Spizizen, 1961). Plasmids contained a chloramphenicol re- 
sistance gene (Band and Henner, 1984). Bacillus transformants were 
cultured 20-24 h in shake Casks containing LB media plus 12.5 ^g/ 
ml chloramphenicol at 37 'C. 

To purify subtilisin, culture supernatants were dialyzed against 10 
mM sodium phosphate, pH 6.2, for 12-20 h. Dialyzed broth was 
adjusted to pH 6.2 and loaded onto a CM52 column approximately 
one-tenth the volume of the dialyzed culture broth. After washing 
with 10 mM sodium phosphate, pH 6.2, the enzyme was eluted with 
the same buffer plus 0.08 m NaCl. The subtilisin peak was identified 
by enzyme activity and shown to be >95% pure by sodium dodecyl 
sulfate gel electrophoresis. Enzyme concentrations were determined 
spectrophotometrically = 1.17; Matsubara et al., 1965). The 
molar absorption coefficient for the tryptophan mutant was adjusted 
by a factor of 1.16 (Alan, 1981). No correction was made for small 
absorbance changes expected from the other aromatic amino acid 
substitutions. Knzymes were assayed in a solution containing 0.3 mM 
N-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-nitroanalide (Vega Biochem- 
icals), 0.1 M Tris, pH 8.6, at 26 'C. The assays measured the increase 
in absorbance at 410 nm/min due to hydrolysis and release of p- 
nitroanaline (e+io - 8480 cm"*; Del Mar et al., 1979). 



^The term '"cassette mutagenesis*' denotes the insertion of an 
oligodeoxynucleotide cassette (a synthetic double-stranded DN A frag- 
ment) into an appropriate plasmid. 



6518 



Production of an Oxidatively Resistant Subtilisin 



6519 



Fig. 1. Stereoscopic view of the 
active site of subtilisin from B. am- 
yloliquefaciem structure (Wright et 
ed,, 1969). Flesidues labeled include 
serine 221, histidine 64, and aspartate 32 
which form the catalytic triad typical of 
serine proteases. Also labeled is methio- 
nine 222 which is the residue identified 
by peptide mapping studies to be oxi- 
dized to the sulfoxide by H^s with re- 
sultant inactivation (Stauffer and Etaon, 
1969). Substrate binds from the N to C 
terminus across the binding cleft extend- 
ing from the upper right to lower left 
(Robertuse^d:, 1972). 




Table I 

Relative specific activities of codon 222 mutant subtilisins 
Mutant enzymes were purified and assayed as described under 
'^Materials and Methods." 



Codon 222 



Relative specific 
activity 



Cys 

Met 

Ala 

Ser 

Gly 

Thr 

Asn 

Pro 

Leu 

Yal 

Gin 

Phe 

Tip 

Asp 

Tyr 

His 

Glu 

lie 

Arg 

Lys 



% 
138 
100 

53 

35 

30 

28 

15 

13 

12 
9.3 
7.2 
4.9 
4.8 
4.1 
4.0 
4.0 
3.6 
2.2 
0.5 
0.3 



Table II 

Kinetic constants for selected codon 222 mutants 
Kn and Vno values were determined from initial rate measure- 
ments for hydrolysis of N-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-ni- 
troanalide over a substrate concentration of 4 X 10~* to 2.5 x 10"' M 
in 0.1 M Tris, pH 8.6, at 25 'C (see "Materials and Methods"). Data 
were fit to the Michaelis-Menten equation using a nonlinear regres- 
sion algorithm (Marquardt, 1963). Enzyme concentrations were de- 
termined spectrophotometrically to permit calculation of kctt from 
the relationship of fec^ = Kaw/Ienzyme). 



Codon 222 












M 


AT' a-' 


Met (wild-type) 


50 (±1) 


1.4 (±0.05) X 10-* 


36 X 10* 


Cys 


84 (±2) 


4.8 (±0.3) X 10-^ 


20 X 10* 


Ser 


27 (±1.8) 


6.3 (±0-6) X 10"^ 


4x 10* 


Ala 


40 (±1) 


7.3 (±0.4) X 10-* 


5 X 10* 


Leu 


6 (±0.1) 


2.6 (±0.2) X 10-* 


2 X 10* 



RESULTS AND DISCUSSION 



Mutant subtilisin genes were expressed, and subtilisin was 
secreted from the B. subtilis strain BG2036. This strain con- 
tains deletions in the endogenous host subtilisin and neutral 
protease genes (Yang et aL, 1984) and so eliminates back- 



ground secreted protease activity from these two major se- 
creted proteases. Furthermore, possible recombination be- 
tween the plasmid containing the mutant subtilisin gene and 
the host subtilisin gene can be avoided 

To determine the specific activity of each mutant enzyme, 
enzymes were purified from culture supematants, and their 
concentrations were determined spectrophotometrically. The 
enzymes were assayed against the substrate, succinyl-L-Ala* 
L-Ala-L-Pro-L-Phe-p-nitroanalide, and relative specific activ- 
ities versus wild-type (Met-222) are listed in Table I. There 
is a variation in specific activity of these mutants of 0.3-138% 
of wild-type. In general, small amino acids are the most active 
toward this substrate followed by the amino acids with amides 
and aliphatic side chains. Bulky aromatic and charged amino 
acid substitutions are less active. Position 222 is at the N 
terminus of an a-helix; thus, glycine and proline substitutions 
are accommodated reasonably well. Both sulfur*containing 
amino acids are most active, and the cysteine mutant has an 
even greater specific activity under these conditions than the 
wild-type enzyme. 

To understand further the basis for variation in specific 
activity between mutant enzymes, the kinetic constants, kctt 
and Kmi were determined for selected mutants. As shown in 
Table II, kc$x is greater for the cysteine mutant than for the 
wild-type. The specific activity data in Table I suggest that 
the cysteine mutant is a better enzyme than the methionine 
enzyme because at substrate saturation concentrations the 
comparison of these enzymes is weighted between the k^u 
values. The increase in ^.t for cysteine 222 is coincident with 
a disproportionate increase in Km as the catalytic efficiency 
of this enzyme is still below that of wild-type. Substrate 
binding is most significantly weakened in the cysteine, ala- 
nine, and serine mutants. However, for leucine 222, k^t is 
seen to be lowered 10-fold with only a 2-fold increase in id. 
Studies are underway to determine the substrate dependence 
and structural basis for these altered functional parameters. 

The mutant enzymes were evaluated for resistance to in- 
activation by 0.1 M H2O2. As shown in Fig. 2, the wild-type 
enzyme (methionine) was rapidly inactivated {tv, ~ 2.5 min). 
However, the serine and alanine enzymes were stable over a 
1-h time course, as was leucine 222 (data not shown). Whereas 
the cysteine mutant was barely affected by 0.1 m H2O2, it was 
inactivated by 1 m H2O2 {tv, 12 min) as shown in Fig. 2. 
The fact that the cysteine mutant oxidizes more slowly than 
methionine may reflect steric inaccessibility and/or intrinsic 
oxidation potential of the sulfur. The activity of the serine 
and alanine mutants remains unaffected by 1 M H2O2. When 
the wild-type enzyme was added to the serine-substituted 
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Fig. 2. Time course of the effect of 0.1 M HaOs {A) or 1.0 M HsOa (B) on the activity of purified wild- 
type and codon 222 mutant subtilisins. Mutant and wild-type enzymes were incubated in the presence of fresh 
H2O2 (from a fresh 30% stock bottle) and 0.1 M sodium borate. pH 9.5. At the indicated times, reactions were 
quenched by dilution of enzyme into assay mixture containing 0.3 mM iV-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p* 
nitroanalide, 0.1 M Tris, pH 8.6. Residual activity is expressed as a per cent of a nontreated enzyme control. 



enzyme after 1 h of incubation with 1 M H2O2, the former was 
rapidly inactivated, indicating the continued presence of H2O2 
(data not shown). 

The oxidized wild-type enzyme, which Stauffer and Etson 
(1969) showed to be methionine sulfoxide, maintains approx- 
imately 12% residual activity when in either 0.1 or 1 M H2O2. 
This suggests that the oxidized enzyme is still 12% active. 
Similarly, the cysteine enzyme maintains approximately 7% 
residual enzyme activity after prolonged treatment (45 min) 
with 1 M H202 (data not shown). Under these conditions, the 
cysteine should have oxidized to the sulfonate (Means and 
Feeney, 1971). It is interesting to note that the oxidized 
derivatives of methionine and cysteine {i.e. methionine sulf- 
oxide and cysteine sulfonate, respectively) are steric and 
charged homologues of glutamine and aspartic acid, respec- 
tively; these derivatives possess about the same corresponding 
specific activity. Thus, whether introduced by mutagenesis or 
by chemical modification, bulky or charged substitutions at 
position 222 have a deleterious effect on enzyme function. 

Stauffer and Etson (1969) showed that the generation of 
methionine sulfoxide by 0.1 M H202 correlated with the re- 
duction of enzyme activity. However, their data on total amino 
acid composition during H202 treatment could not rigorously 
exclude the possible oxidation of other activity critical resi- 
dues. The data presented here show that substitution of 
methionine 222 by an oxidatively stable residue {Le, Ala, Ser) 
imparts oxidative resistance as measured by enzyme activity. 
Although other sites may be oxidized, it is clear from these 
data that substitutions at position 222 affect catalytic effi- 
ciency and oxidative stability. The alanine and serine mutants 
appear to be the optimal derivatives for combined specific 



activity against iV-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-ni- 
troansQlde and oxidative resistance. 

Predictions of optimal amino acid replacement based on 
homologous exchange data (Dayhoff a/., 1978) would have 
incorrectly targeted leucine and valine as optimal methionine 
substitutes. Because of uncertainties in structure-function 
relationships, multiple amino acid replacements were required 
to find optimal methionine substitutes. This work and that 
of Rosenberg et al. (1984)^ demonstrate that oxidative stability 
in these proteins can be improved by replacement of oxida- 
tively sensitive residues which are activity critical. 

Chemical oxidation can be a significant source of enzyme 
inactivation particularly for enzymes which function extra- 
cellularly (Brot and Weissbach, 1983). Even though oxida- 
tively sensitive residues may be of functional importance, this 
work demonstrates that it may be possible to find oxidatively 
stable amino acid substitutions which maintain enzyme func- 
tion. This could have significant benefit in stabilizing enzymes 
used in industrial processes. We speculate that enzymes may 
be produced which are resistant to inactivating chemical 
modifications at noncatalytic residues by substitution for 
amino acids which are resistant to such modifications. 
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^ At the time the present work was submitted, this group showed 
that replacement of a methionine residue with valine in the active 
site of ai-anti-trypsin inhibitor resulted in a functional inhibitor 
having greater oxidative stability. No other mutants were described. 
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